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Real-time observation of single atoms trapped and interfaced to a nanofiber cavity
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We demonstrate an optical tweezer based single atom trapping on an optical nanofiber cavity. We
show that the fluorescence of single atoms trapped on the nanofiber cavity can be readily observed
in real-time through the fiber guided modes. The photon correlation measurements further clarify
the atom number and the dynamics of the trap. The trap lifetime is measured to be 52±5 ms.
From the photon statistics measured for different cavity decay rates, the effective coupling rate of
the atom-cavity interface is estimated to be 34±2 MHz. This yields a cooperativity of 5.4±0.6 and
a cavity enhanced channeling efficiency of 85±2% for a cavity mode having a linewidth of 164 MHz.
These results may open new possibilities for building trapped single atom based quantum interfaces
on an all-fiber platform.
Realizing an efficient quantum interface will enable de-
terministic control and readout of the quantum states
for quantum information processing [1]. In this context,
atomic qubits offer unique capabilities for long coherence
time and optical interfacing [1, 2]. A recent trend to-
wards optical interfacing is to combine the atomic qubits
with nanophotonic platforms and develop hybrid quan-
tum systems, where efficient quantum state-transfer be-
tween atoms and photons can be realized.
Adiabatically tapered single mode optical fiber with
subwavelength diameter waist, referred to as optical
nanofiber (ONF), provides a unique fiber-in-line platform
for quantum photonics applications [3, 4]. The transverse
confinement of photonic modes in the ONF has enabled
new possibilities for manipulating atom-photon interac-
tions [3–6]. Furthermore, it has been demonstrated that
thousands of atoms can be trapped in the vicinity of the
ONF by using guided light in a two-color dipole trap
scheme [7–9]. This inherently leads to a fiber-in-line op-
tically dense platform for quantum non-linear optics with
an ensemble of atoms [10, 11].
On the other hand, for achieving non-linearity at sin-
gle atom level, the coupling between the atom and the
ONF guided modes can be substantially improved by
introducing an in-line fiber cavity. Due to the strong
transverse confinement of ONF guided modes, one can
achieve strong-coupling regime of cavity quantum elec-
trodynamics (QED) and high single atom cooperativity
even for a moderate finesse ONF cavity [12]. A detailed
review of various types of ONF cavities, can be found in
Ref. [4]. Recently, strong-coupling between a trapped
single atom and an ONF cavity has been demonstrated
[13]. However, the widely adopted scheme of two-color
guided mode trapping of atoms on the ONF [7–11, 13],
is the only scheme so far and it lacks the control over
individual atoms. Preparation of quantum emitters on
the ONF cavity, in a bottom-up approach using atom-
by-atom control may open new possibilities to engineer
complex quantum systems. Therefore, development of
new trapping schemes for atom-ONF interface is essen-
tial.
Here, we demonstrate an optical tweezer based side-
illumination trapping scheme to trap and interface indi-
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FIG. 1. (Color Online) Optical tweezer based side-
illumination ONF trap. (a) Schematic diagram of the exper-
iment. (b) Intensity distribution of the tweezer beam around
the ONF estimated using FDTD simulation. (c) The upper
panel shows the estimated trap position (red dots) from the
fiber surface and the corresponding channeling efficiency (η)
(green squares) for different fiber diameters. The lower panel
shows the corresponding trap depth estimated assuming a
beam waist of 1 µm and a power of 14 mW. (d) The esti-
mated trapping potential (red squares) and the corresponding
η (blue squares) plotted as a function of radial separation from
the fiber surface, for a fiber diameter of 300 nm (indicated by
the black arrow in (c)).
vidual single atoms to an ONF cavity. We show that the
fluorescence of single atoms trapped on the ONF cavity
can be readily observed in real-time through the fiber
guided modes. The atom number and the dynamics of
the trap are further clarified from the photon correla-
tion measurements. The trap lifetime is measured to be
52±5 ms. From the photon statistics measured for dif-
ferent cavity decay rates, the effective coupling rate of
the atom-cavity interface is estimated to be 34±2 MHz.
This yields a cooperativity of 5.4±0.6 and a cavity en-
hanced channeling efficiency of 85±2% for a cavity mode
having a linewidth of 164 MHz. These results may open
new possibilities for building trapped single atom based
quantum interfaces on an all-fiber platform.
A schematic diagram of the experiment is shown in
2Fig. 1(a). An ONF cavity is formed by fabricating
two photonic crystal (PhC) structures on the ONF us-
ing femtosecond laser ablation [14–16]. Single atoms are
trapped on the ONF segment between the two PhCs.
The dipole trap beam is tightly focused on the nanofiber
and forms an optical tweezer for single atoms. When the
tweezer beam hits the ONF, it forms standing-wave like
nanotraps close to ONF due to the interference of the
incident and the reflected lights from the fiber surface.
The fluorescence of trapped single atom coupled to the
ONF cavity mode are detected at the either ends of the
fiber using single photon counting modules (SPCMs).
Figure 1(b) shows the typical intensity distribution of
the tweezer beam around the ONF estimated using fi-
nite difference time domain (FDTD) simulation. The
black circle at the center indicates the ONF position.
The ONF diameter used for the simulation is 300 nm.
The tweezer beam having a wavelength of 938 nm (red-
detuned magic wavelength for Cs-atom [8]) is focused to
1 µm beam waist and is irradiated perpendicular to the
ONF from the left side. The polarization is chosen to be
parallel to the fiber axis. It may be seen that standing-
wave like intensity pattern is formed in the irradiation-
side, resembling an 1-D optical lattice. The red-detuned
trapping light forms trapping minimum at the maximum
intensity location. Therefore the first lattice site nearest
to the fiber surface enables tight localization of the trap
along the radial direction of the ONF. The tightly focused
tweezer beam enables localization of the trap along the
axial and azimuthal direction of the ONF.
For a given trapping laser wavelength, the position of
the first lattice site depends on the fiber diameter. The
channeling efficiency (η) of spontaneous emission of atom
into ONF guided modes (a measure of the interaction
strength) also depends on the ONF diameter and the
radial position of atom from the ONF [3]. Therefore the
selection of ONF diameter, is a crucial design principle
for the efficient interfacing of the trapped atom with the
ONF guided modes.
The upper panel in Fig. 1(c), shows the estimated
trap position (red dots) from the fiber surface and the
corresponding η (green squares) for different fiber diam-
eters. The η is estimated for the excited state (6P3/2|F =
5,mF = 5〉) of the Cs-atom D2-transition [3]. The lower
panel shows the corresponding trap depth estimated as-
suming a beam waist of 1 µm and a power of 14 mW.
The contribution from the van der Waals (vdW) poten-
tial is included for the estimation of the trap depth [7].
It can be seen that for the diameter range of 300-350
nm, the trap position can be 100-200 nm from the fiber
surface and the η at the trap position can be as high as
10-15%. For much higher or lower diameters the η can
be much lower. Moreover for a diameter close to 350 nm,
although the η is highest but the trap depth is smallest.
It is due to the fact that the trap position is close to 100-
150 nm and the vdW potential strongly affects the trap
depth. Therefore for the experiments we have chosen a
fiber diameter around 300 nm.
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FIG. 2. (Color Online) (a) Real-time observation of trapped
single atoms. The blue trace in the left panel shows the typ-
ical photon counts measured through the ONF cavity. The
right panel shows the histogram of the photon counts. (b)
Photon correlation of the ONF trap signal. The magenta
trace shows the normalized correlation (g2(τ )) of the photon
counts measured through the ONF cavity. The blue curve
shows the theoretical fit. The right panel shows the enlarged
view of the plot shown in the left panel.
Figure 1(d) shows the estimated trapping potential and
the corresponding channeling efficiencies for a 300 nm di-
ameter fiber, plotted as a function of radial distance from
the fiber surface. It may be seen that the closest trapping
minimum is created at ≃ 190 nm from the fiber surface
with a trap depth of ≃ 0.9 mK and a η of 10% can be
realized at the trap position. The trap frequencies along
the radial and axial direction of the ONF are estimated
to be 380 and 80 kHz, respectively. It should be noted
that the η at the second lattice site is only 1.4%.
In the experiment, we have used an ONF cavity that
has a central ONF segment with a diameter of 300±10
nm. From the measured free spectral range (∆νFSR =
23± 2 GHz), the optical length (L) of the cavity is esti-
mated to be 6.5±0.5 mm. The ONF cavity modes have
linewidths in the range 150-1200 MHz and can be tuned
to the Cs-atom resonance by stretching the tapered fiber
using a piezo actuator (Attocube, ANPx51) attached to
the fiber holder. The dipole trap beam is tightly focused
to 1 µm beam waist using a high numerical aperture
(NA = 0.5) lens introduced into the vacuum chamber,
forming an optical tweezer for single atoms. The tweezer
spot is aligned to the ONF by monitoring the tweezer
light scattered into the ONF guided modes. A blue-
detuned laser light with a wavelength of 830 nm and
power of around 1 mW, is launched into the tapered
fiber to avoid the atoms sticking to the ONF surface.
The background photons induced by the 830 nm laser
and the tweezer light are filtered out using volume Bragg
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FIG. 3. (Color Online) Lifetime of the ONF-trap. (a)
Schematic of the experimental timing sequence. (b) A typical
experimental event. The blue dots show the measured pho-
ton counts in each time-bin (2 ms) and the red trace is just a
guide to eye. (c) The measured survival probabilities plotted
as a function of different dark times (∆t). The blue dots show
the measured data with error-bars and the red curve shows
the exponential fit to the data.
gratings, interference filters and filter cavities.
The experiments are carried out by monitoring the
photon counts through the ONF cavity while the tweezer
beam is focused on the ONF and laser-cooled Cs-atoms
are continuously loaded into the ONF-trap from a mag-
neto optical trap (MOT). The typical photon counts mea-
sured through the ONF cavity, is shown in the left panel
of Fig. 2(a). The right panel shows the histogram of
the photon counts. It may be seen that discrete step-like
signals with a height of 62±13 counts/ms are observed
above a background of 17±7 counts/ms. The typical tem-
poral duration of the step-like signal ranges from 10 to
100 ms. The signal resembles the single atom fluores-
cence signal measured in a conventional tightly focused
dipole trap operating in collisional blockade regime [17].
It disappears when the tweezer beam or the repump beam
of the MOT is switched off. This clearly indicates that
single atoms are trapped and interfaced to the ONF cav-
ity. The efficient channeling of the trapped single atom
fluorescence into the ONF guided modes enables the real-
time observation of the step-like fluorescence signal.
We have carried out photon correlation measurements
of the fluorescence signal to further clarify the atom num-
ber and the dynamics of the trap. The magenta traces
in Fig. 2(b) show the typical normalized photon corre-
lation signal (g2(τ)) measured through the ONF cavity.
The correlation signal shows anti-bunching behavior with
g2(0) ≃ 0.47. The anti-bunching of the fluorescence sig-
nal, confirms that indeed single atoms are trapped on
the ONF. It should be noted that g2(0) > 0 is due to the
presence of background light scattered from the MOT
beams into the ONF cavity. It may be seen that apart
from the central anti-bunching dip the correlation sig-
nal shows a bunching behaviour in longer time-scales. In
order to further understand the behaviour of the corre-
lation signal, we fit the correlation signal using a model
(see e.g. [18, 19]) given by
g2(τ) = 1− (1 + C0)e
−
|τ|
t0 + C1e
−
|τ|
t1 (1)
where t0 and t1 describes the characteristic time-scales
of the anti-bunching and bunching signals, respectively.
The coefficient C1 describes the amplitude of the bunch-
ing signal and (C1 − C0) gives the value of g
2(0). The
blue curve in Fig. 2(b) shows the fitting using the above
model. From the fit, we estimate the parameters t0, t1,
C0 and C1 to be 9.6±0.7 ns, 800±10 ns, 0.35±0.10 and
0.82±0.01, respectively. It should be noted that the t0
may correspond to the cavity enhanced decay rate of the
atom. On the other hand, the t1 is due to the periodic
modulation of the fluorescence signal. The motion of the
atom in the trap may lead to change in the η and hence
the modulation of the signal.
The real-time observation of single atoms trapped on
the ONF enables various experiments to be performed
in a deterministic way. Once a single atom is trapped
on the ONF, a step-increase in the photon counts is ob-
served through the ONF. This step-like signal is used to
trigger the experimental sequence. As a demonstration
experiment, we present the lifetime measurement of the
trapped single atoms on the ONF. The time sequence of
the experiment is shown in Fig. 3(a). The experiment
starts with polarization gradient cooling (PGC) for 1 ms,
followed by a dark-period of ∆t, during which the MOT
beams are switched off. After the dark-period, the MOT
beams are switched on again to detect the presence of
the atom in the trap.
A typical measurement event is shown in Fig. 3(b).
It may be seen that the presence of a single atom in
the trap was inferred from the sudden rise in the photon
counts and the experiment was triggered at 0 ms time.
There was a dark-period of 32 ms during which the pho-
ton counts were zero. A high level of photon counts after
the dark-period indicates that the atom was still present
in the trap. The blue dots in Fig. 3(c), show the survival
probabilities for different dark times (∆t). The red curve
shows the exponential fit. From the fit, the trap lifetime
is estimated to be 52±5 ms.
In order to estimate the cavity QED characteristics of
the coupled atom-cavity system, we have analyzed the
photon statistics of the fluorescence signal for different
cavity modes. The measured fluorescence counts (height
of the step-like fluorescence signal) are plotted against
the linewidths (κ/2pi) of the cavity modes in Fig. 4(a). It
may be seen that the fluorescence counts increases with
decreasing cavity linewidth. We fit the data using the
following relation (see e.g. [19, 20])
np = α
Ω2
γ0C
|C′|2
|1 + C′|2
(2)
where C′ = g2
0
/[(κ/2− i∆c)(γ0/2− i∆a)] is the complex
cooperativity parameter. Here g0, κ and γ0 (= 2pi × 5.2
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FIG. 4. (Color Online) Photon statistics of the fluorescence
signal for different cavity modes. (a) The measured fluores-
cence counts plotted against the linewidths (κ/2pi) of the cav-
ity modes. The blue dots show the measured data with error-
bars and the red curve shows the theoretical fit to the data.
(b) The estimated rise time of the antibunching signal (t0)
plotted against the cavity linewidths. The green dots show
the measured data with error-bars and the red curve shows
the theoretical fit to the data.
MHz), are the atom-cavity coupling rate, the cavity de-
cay rate and the decay rate of atom in free space, re-
spectively. Ω, ∆c (= 0 MHz) and ∆a (≃ −3γ0) are
the driving field’s (MOT cooling beams) Rabi frequency
and detunings from the cavity and atomic resonances,
respectively. C = 4g2
0
/(κγ0) is the on-resonance sin-
gle atom cooperativity. The experimental detection effi-
ciency is described by the proportional factor α. From
the fit, the atom-cavity coupling rate is estimated to be
g0/2pi = 34 ± 2 MHz. It should be noted that α and
Ω are just proportional factors and assuming the experi-
mentally measured detection efficiency α = 4%, the driv-
ing Rabi frequency is estimated to be Ω/2pi = 5.4 ± 0.2
MHz. From the g0 value, we estimate a cooperativity of
C = 5.4±0.6 and a cavity enhanced channeling efficiency
(ηc = (P0η+C)/(P0+C)) of 85±2% for the cavity mode
having a linewidth of 164 MHz, where P0 ≃ 1.044 is the
Purcell factor due to the nanofiber in the absence of the
cavity [3, 4, 12].
We have also analyzed the photon correlation signal
for different cavity modes. Figure 4(b) shows the esti-
mated rise time of the antibunching signal (t0) plotted
against the cavity linewidths. It may be seen that t0 in-
creases with increasing cavity linewidth. We fit the data
using a relation t0 = 1/(P0γ0 + 4g
2
0
/κ) [4, 12]. From
the fit, the atom-cavity coupling rate is estimated to be
g0/2pi = 36±1 MHz, which is in reasonable agreement
with analysis of Fig. 4(a).
It should be noted that the selection of ONF diameter
is an essential requirement for the trapping scheme. The
typical ONF diameter of 400-500 nm widely adapted in
reported experiments may not be suitable for the present
trapping scheme. Due to proper selection of ONF di-
ameter, the single atom fluorescence can be observed in
real-time above the scattering background from the MOT
beams. A similar trapping scheme have been reported
for silicon-nitride based nanobeam cavity [21]. However,
in that scheme single atoms are observed in the free-
space tweezer and then transported to the nanobeam
cavity. Such moving tweezer based trapping scheme may
not be suitable for ONF cavities having much narrower
linewidths as the tweezer beam itself can induce shift in
the cavity resonance due to strong photo-thermal effects
[22]. Moreover, the scheme may be seriously affected by
the position stability of such a long tapered fiber.
The data presented in Figs. 2 and 3, were measured
for a cavity mode having a linewidth of 450 MHz. The
observed fluorescence counts and the t0 are well under-
stood from the analysis of Figs. 4(a) and (b). How-
ever, it must be noted that from the estimated cavity
length, the atom-cavity coupling rate is estimated to be
g0 = (cP0γ0η/L)
1/2 = 2pi × 63 ± 3 MHz, where c is the
speed of light in vacuum [4, 12]. This may be understood
from the fact that the confinement of the trap along the
axis of ONF is weak and due to the motion of the atom
in the trap it can transit over few nodes and antinodes
of the cavity mode. As a result, the g0 estimated from
the photon statistics, is an averaged value. This is also
evident from the bunching behaviour of g2(τ) resulting
from the periodic modulation of the fluorescence signal.
The axial confinement can be further improved by in-
troducing a blue-detuned standing wave into the ONF
guided mode. The trap lifetime is similar to previously
reported values for ONF based guided mode traps [9, 13].
The lifetime is mainly limited by the mechanical modes of
the tapered fiber [23] and can be improved using Raman-
cooling techniques [24].
In summary, we have demonstrated that fluorescence
of individual single atoms trapped on the ONF cavity,
can be readily observed in real-time through the fiber
guided modes. The trap lifetime was measured to be
52±5 ms. From the photon statistics, the effective cou-
pling rate of the atom-cavity interface was estimated to
be 34±2 MHz. This yields a cooperativity of 5.4±0.6
and a cavity enhanced channeling efficiency of 85±2%
for a cavity mode having a linewidth of 164 MHz. These
results may open new possibilities for building trapped
single atom based quantum interfaces on an all-fiber plat-
form.
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